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The expe to evaluate t obtained by a two laser pul thin laser she A frequency Lumonics In transition, en total energy signal was pr For the array size of front of the 1 m/pixel. In 680 x 680. T Vol.13, No.1 (2018) Next, the flow field is discussed. Apparently, the jet structure of the cyclone-jet combustor is radially extended further downstream . It is noted that, as the mean exit velocity of U m is increased, the measured axial velocity is expectedly higher. To see the flow field in detail, the radial distributions of the axial velocity are shown with OH fluorescence signals in Fig. 5 . The flow conditions are the same in Fig. 4 . The axial position of these figures are at z = 25 mm. There are roughly three regions: no OH (unburned gas), low OH (burned gas), and high OH (super-equilibrium OH in reaction zone). The flame front was determined at the position where OH became the half value of the peak OH . The axial velocity becomes the maximum around the center axis. When the mean exit velocity is higher, the larger shear flow exists due to the jet flow from the burner exit. In Fig. 5c , the OH fluorescence signal is almost zero at 7 mm < r < 10 mm where the local flame extinction appears, which will be discussed in section 3.3. 
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Statistical analysis of velocity and OH signal
For further discussion, we statistically analyzed the velocity data. Figure 6 shows the maximum of axial and radial velocities obtained at z = 15 mm. The flow conditions are U m = 10 or 30 m/s, and  m = 0.75 or 0.90. In this figure, the radial positions where these maximums were measured were specified. To examine the effect of the flames, the measurements of the cold jet were also conducted. To see the difference between four plots, only 100 out of 1000 were randomly chosen and plotted. It is seen that the maximum axial velocity is observed around the center axis. On the other hand, the maximum radial velocity is observed at r = 5 mm to 14 mm (or r = -14 mm to -5 mm), at which the radial velocity must be accelerated due to the heat expansion. At U m = 10 m/s and m = 0.75, the maximum of the axial velocity (u) is slightly larger than the averaged velocity of 10 m/s. Some variations in the maximum velocity of u and v are observed in the case of the combustion. Similarly, in the case of the cold flow without flames, the maximums of the axial and radial velocities are varied. However, the radial position where the maximum of the axial velocity is obtained largely varies. These findings correspond to the fact that the velocity decay of the cold jet is much larger, which is well observed in profiles of u' and v' at the center axis .
Next, we examine the velocity fluctuation and the OH signal. Figure 7 shows the radial distributions of rms axial and radial velocities, u' and v', obtained at z = 15 mm. For comparison, the distribution of mean OH fluorescence signal is plotted. As already mentioned, the axial velocity becomes the maximum around the center axis. have shown the same tendency observed in the cold jet in the C-J combustor. On the other hand, u' becomes large at 6 mm < r < 12 mm (or -12 mm < r < -6 mm), which is far from the center axis. Interestingly, for all cases, the profile of u' is quite similar to that of v'. That is, a good correlation between rms axial and radial velocities is observed. Recognizing that the flame is fluctuating at the region of the large shear layer in Figs. 4 and 5, the large velocity fluctuation in Fig. 7 is caused by the flame motion, because there is the flow expansion due to the temperature rise in the combustion field.
Next, the rms velocity and the OH profile are compared. Except for the condition of U m = 30 m/s and  m in Fig. 7c , the radial distance of the peak OH fluorescence signal is slightly inside the peak position of u' and v'. As mentioned before, the large velocity fluctuations are due to the presence of the flame. However, for the condition of U m = 30 m/s and  m in Figs. 4c and 5c , the local extinction is observed, resulting in the large reduction of OH. Indeed, the averaged OH signal is much lower than those of other three cases. Expectedly, at the region of the local extinction, the velocity may decrease due to the reduction of temperature, but by contrast, the values of u' and v' at 6 mm < r < 9 mm (or -9 mm < r < -6 mm) in Fig. 7c becomes larger than those in Fig. 7d . It should be noted that the flame fluctuates at the shear layer, which is expected to show high levels of fluctuation regardless of the presence of the flame. Thus, the local quenching could amplify the apparent velocity fluctuation. Filatyev et al. (2005) have pointed out that the reaction of the flame zone is affected by the stretch rate, which is strongly related with the velocity gradient. Hence, it is considered that the above local velocity fluctuation could cause the local extinction. In our recent measurement, we evaluated the strain rate of turbulent flames in the cyclone-jet combustor [Yamamoto et al., 2016] . The strain rate was obtained by the following equation.
( 1) where s is the coordinate along the flame front, and u t is the velocity component that is tangential to the flame surface [Driscol et al., 1994] . Similarly, we obtained the value of  s in this study. Needless to say, it cannot be evaluated when the flame front disappears. Then, the local strain rate along the flame was calculated only when the length of the continuous flame front was longer than 2 mm. Results are shown in Fig. 8 . It should be noted that the local flame extinction was only observed for U m = 30 m/s and  m = 0.75. As seen in this figure, there are several interesting findings. First, when the equivalence ratio is larger, the higher strain rate is observed. However, independent of the mean exit velocity or the equivalence ratio, the minimum value of the strain rate is almost the same. On the other hand, as for the maximum value, the large difference is observed for each condition. In the case of U m = 30 m/s, for  m = 0.75, the value over 700 s -1 is not seen. On the other hand, for  m = 0.90, the flame is formed even at the higher strain rate. Therefore, it is expected that the flame could not be maintained at  s > 700 s -1 . Although more measurements may be needed for further discussion, it can be concluded that the high strain rate could cause the local flame extinction through the strong velocity fluctuation. Fig. 8 The measured strain rate along the flame front by simultaneous PIV/OH-PLIF.
Flame surface density
Finally, the flame surface density (FSD) was discussed, corresponding to the expectation of the flame surface area per unit volume. We used the orthogonal OH-PLIF in vertical and horizontal planes to collect 1000 images. We evaluated the flame surface density based on 2D and 3D coordinates, simply describing  2 and  3 [Hawkes et al., 2011] . The flame front was firstly determined by the OH image [Yamamoto et al., 2011] . Then, the flame surface density was obtained: (2) where V f is the volume of flame brush, and L(z) is the flame perimeter at the axial coordinate (at any horizontal plane). For the flame perimeter, the circular flame length was calculated based on the axisymmetry. To consider the flame wrinkling of the actual flame, the increasing ratio of R must be multiplied, which is the ratio of the real flame perimeter to the circle length of mean flame radius. Eq. 2 can be written as follows: 
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( 3) where the radial position of the flame front is r(z). That is, the complex flame perimeter can be counted by the asymmetrical assumption corrected by the concave and convex flame shape with R. It has been found that R is independent of z. The volume of flame brush, V f , is the region where the flame front is detected. On the other hand, 2D FSD ( 2 ) was evaluated based on the vertical plane, corresponding to the flame length density per unit flame area.
Results are shown in Fig. 9 . It is seen that, for 2D and 3D cases, the flame surface density increases with an increase in U m , but  3 is much larger than  2 for U m > 20 m/s. The range of 3D FSD is from 0.2 to 0.8 mm -1 , which is similar to the reported data of the Bunsen flame [Filatyev et al., 2005] . As the equivalence ratio is higher, FSD becomes smaller. Hawkes et al. (2011) have reported that  3 is larger than  2 by 4/ in the case of homogeneous turbulence. In our case, as seen in Fig. 7 , the rms axial and radial velocities are not the same. Thus, the increasing factor of 3D effects may be different. Another probable explanation is that the value of 4/may not be suitable for our axisymmetric burner, because it was computed in a Cartesian geometry. This could be why the increase of 2D FSD with U m is small. That is, as the bulk velocity increases, the flame radius increases as well as the fluctuations. Portions of flame length at a small radius will thus have a really small weight in the real flame surface density compared to portions of flame length at a larger radius.
For further study, the variation of 3D FSD with the rms axial velocity was examined. Results are shown in Fig. 10 . To compensate the burning velocity at different equivalence ratio, the rms axial velocity was non-dimensionalized by the laminar burning velocity of S L0 . Here, u' is the value of unburned gas at the center axis (see Fig. 7 ). A good correlation between u' and  3 is observed. Hence, it can be derived that the increase of FSD is simply caused by the flame wrinkling due to the turbulence. 
Here, the integrated flame surface density was also calculated. It was the total flame surface area based on 2D and 3D imaging. Results are shown in Fig. 11 , obtained by a direct measurement of the flame surface area based on the OH images. The same approach [Yamamoto et al., 2011 ] was adopted. The values of 2D and 3D were compared. Interestingly, the variation of the integrated value with u'/ S L0 is quite linear. This implies that the flame surface area is always increased due to the turbulence, even though the local extinction occurs. The integrated 2D flame surface density is much smaller than that of 3D. The increasing factor of 3D effects is about 1.5 to 2.3, which is similar to that of the Bunsen flame [Chen, 2009] . 
Conclusions
The simultaneous PIV/OH-PLIF measurements were conducted for propane turbulent premixed flames. The following conclusions were derived.
(1) In the cyclone-jet combustor, the axial velocity becomes the maximum around the center axis, whereas the rms axial or radial velocity takes its maximum at the position far from the center axis. A good correlation between axial and radial rms velocities is observed. The larger velocity fluctuation is observed by increasing the mean exit velocity of U m . However, the radial position of the peak OH fluorescence signal is not in the region of the large rms velocity, except for the condition of U m = 30 m/s and  m = 0.75 where the local extinction is observed. Interestingly, at the condition where the local extinction occurs, the high strain rate over 700 s -1 is not seen. Then, it is considered that the large velocity fluctuation induces the local extinction through the high strain rate.
(2) The flame surface density is larger, as U m is increased. The range of 3D FSD is from 0.2 to 0.8 mm -1 , which is similar to that of the Bunsen flame. Based on FSDs estimated by the 2D and 3D imaging, the increasing factor of 3D effects is not the same value of homogeneous turbulence. Recognizing a linear relationship between rms axial velocity and integrated FSD, the increase of FSD is simply caused by the flame wrinkling due to the turbulence, even though the local extinction occurs. u'/S L 0 [-] 
